Introduction
The banteng (Bos javanicus d' Alton, 1923 ) is a type of wild cattle that is found in open forests of Southeast Asia. The animal is categorized as an endangered species by The IUCN Red List of Threatened Species (Timmins et al. 2008) due to hunting for bush meat and horns, as well as habitat loss and degradation. Banteng is not only ecologically important as a herbal seed disperser but also for genetic resource because the animal has a remarkable ability to thrive under hot, humid, and disease-ridden conditions and feed on poor vegatation on which domestic cattle often grow poorly (National Research Council 1983 , Matsubayashi et al. 2007 ).
The banteng is classified into three different subspecies occurring in three different regions: Bos javanicus javanicus in Java, Bos javanicus birmanicus in mainland SE Asia, and Bos javanicus lowi in Borneo. The physical characteristics describing the apparent differences between all three subspecies can be found in various sources (Lydekker 1833 , Hoogerwerf 1970 , Payne et al. 1985 , Ropiquet et al. 2008 , Timmins et al. 2008 ). The species is sexually dimorphic showing very distinct differences in coloration, size, and in the shape of horns between the sexes. Mature banteng have white color on all lower legs, rump, sides of upper lips, and a small but distinct patch just above the eyes. Mature males are dark brown to black, while mature females are reddish and pale brown. Males are larger and more muscularly built than the females. The raised dorsal ridge and the modest dewlap running posteriorly from the lower neck in the males add to their larger size. The horns in males are larger at the base, and both horns are connected by a ridge of hard tissue; they grow sideways and later curve upward and inward ending in sharp tips. Female horns are much smaller, growing upward in a much narrower fashion. The males in Javan banteng are very dark brown to black, and the females are bright reddish brown. Hence, in a herd, the difference in the coloration is strongly visible. The males in the mainland banteng, however, could be brown to orange with a dark patch just above the socks of the forelegs, a character that is otherwise not visible in other subspecies with darker body coat. Males of the Bornean banteng are black, and females are pale brown. While both the Javan and the mainland banteng are of similar size, the Bornean banteng is comparatively smaller.
Domestication of the banteng in Indonesia took place over a long period of time, and the hybrid between banteng and domestic cattle, which is known as Bali cattle, is the domestic form of the species. Recent genetic investigation on Bali cattle shows various levels of introgression of domestic cattle (Nijman et al. 2003) . Van der Maarel (1932) , upon examining many fossils of bovini from the Malay Archipelago, realized that domestic banteng was also introduced into many Indonesian islands and raised doubts on the taxonomic identity of existing wild banteng populations on some islands. The history of the banteng, including its introduction outside of its geographical range was carried out into Australia and, more recently, Malaysia (Calaby 1975 , Nijman et al. 2003 . While the Bali cattle is a definite hybrid between the banteng and domestic cattle, the Australian banteng was proven to be of the pure strain of the wild Bos javanicus and is genetically distant to domestic cattle Bos taurus and Bos indicus (Bradshaw et al. 2006) . Even in an area of active hybridization, wild strain Cambodian banteng still exists and has been proven by genetic analysis (Handschuh and Hassanin 2013) . These developments show that genetic studies should be conducted to validate genetic introgression into the wild banteng populations and to establish scientifically sound management plans. Despite the doubts noted by van der Maarel (1932) , the apparently different physical characteristics to the other two subspecies and recent development in molecular biology, the status of the Bornean banteng remains unsolved (Ropiquet et al. 2008 , Timmins et al. 2008 . This paper provides the first contribution in an attempt to clarify the taxonomic status of the Bornean banteng.
In Malaysian Borneo, the Bornean banteng still inhabits several protected forests in Sabah. Although the animal was thought to have remained along the Sarawak's side of the border with Kalimantan (Caldecott 1988) , there has been no recent report from Sarawak, and it is possibly locally extinct in the state.
In Sabah, Bornean banteng mainly inhabits two regions located in the middle to the eastern parts of the state (Figure 1 ). The largest area of the habitat is the Deramakot-Malua-Maliau region in central Sabah. The second largest area is the Kulamba-Tabin region in northeastern Sabah. The Bornean banteng in Sabah is a totally protected species, but its conservation plan is still undesigned.
This study aimed to demonstrate the 1) genetic relationship among the subspecies, Burma banteng, Javan banteng, and the Bornean banteng, and 2) investigate the possibility of past genetic introgression between the Bornean banteng and domestic cattle in Sabah.
Materials and methods
Four fecal sampling sites were selected based on different threat levels of introgression in two major habitats (Figure 1 
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Fecal DNA was extracted using the QIAamp DNA stool mini kit (Qiagen, Valencia, CA, USA). We sequenced 227 bp of cytochrome b and 253 bp of D-loop from 12 and 23 of 72 samples (16.7% and 31.9% successfully sequenced, respectively) using the primers cytochrome b-L (5′-ACAAATCCTCACAGGCCTATTC-3′) and cytochrome b-R (5′-TAGGACGTATCCTATGAATGCT-3′) (Verkaar et al. 2002) and D-loop-F1 (5′-ACTAATACCACCAGCCGGCAC-3′) and D-loop-R1 (5′-GAGTACAAAGTCTGTGTTGAG-3′) ( Hassanin and Ropiquet 2007a) . Polymerase chain reaction (PCR) conditions for the cytochrome b consisted of predenaturation of 2 min at 95°C, followed by 35 PCR cycles of denaturation for 20 s at 94°C, annealing for 30 s at 38°C and an extension of 1 min at 72°C, and by a final extension of 5 min at 72°C; the D-loop consisted of predenaturation for 2 min at 95°C, followed by 35 PCR cycles of denaturation for 20 s at 94°C, annealing for 30 s at 50°C and an extension of 1 min at 72°C, and by a final extension of 5 min at 72°C with the Maxime PCR premix kit (iNtRON Biotechnology, Seongnam, Kyunggi, Korea). All PCR products were purified with the QIAquick PCR Purification Kit (Qiagen, Valencia, CA, USA). Direct sequencing was carried out using an ABI Prism 3100 DNA Sequencer (Applied Biosystems, Foster City, CA, USA). Pairwise alignment of edited sequences from different study areas was performed using CLUSTAL W implemented in BioEdit 7 (Hall 1999) and visually inspected for accuracy. Reference sequences of the other members of the Bovidae were retrieved from GenBank (Table 1) . We used 227 bp of sequences for cytochrome b alignment and 225 bp of 253 bp sequences for D-loop alignment. Phylogenic trees were constructed by the maximum likelihood (ML) method with MEGA 5 software (Tamura et al. 2011) . For phylogenetic tree, cytochrome b and D-loop sequences from the water buffalo Bubalus bubalis (JQ241279 and JN632607) and from the goat Capra hircus (EU259132 and NC005044) were used as outgroups. Table 2 shows identified haplotypes from the sampling sites. From 12 mitochondrial DNA cytochrome b sequences of the Bornean banteng obtained from all sampling sites (Kulamba 6, Deramakot 1, Malua 4, and Maliau 1), we identified two haplotypes, Bornean banteng CB1 and CB2 (GenBank accession number AB703046 and AB703047, respectively). The Bornean banteng CB1 haplotype was detected from 11 samples, all sites. The CB2 haplotype was detected from one sample from Kulamba. From 23 mitochondrial DNA, D-loop sequences of the Bornean banteng were obtained from all sampling sites (Kulamba 15, Deramakot 2, Malua 5, and Maliau 1). Two haplotypes, Bornean banteng DL1 and DL2, were identified (GenBank accession number AB703048 and AB703049, respectively). The Bornean banteng DL1 haplotype was detected from 22 samples, all sites (Kulamba 14, Deramakot 2, Malua 5, and Maliau 1). The DL2 haplotype was detected from one sample from Kulamba. Only two haplotypes from each of the sequences were detected, which were remarkably biased with CB1 and DL1. This suggests that the genetic diversity of the Bornean banteng might be low, although we need to analyze longer sequences. Table 3 shows the SNPs and indels, which are extracted from partial nucleotide sequences of mitochondrial Table 3 Nucleotide polymorphisms of partial sequences on cytochrome b (above) and D-loop (below) genes from the Bornean banteng and several Bovini. (Table 4B ). The phylogenetic tree shows that three subspecies of banteng did not grouped a clade; the Bornean banteng and the gaur/gayal consisted of a sister group with high bootstrap values (97%) ( Figure 2B ).
Results and discussion
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Taxonomic status between the Burma banteng from Cambodia and the Javan banteng has been conducted (Hassanin and Ropiquet 2004 , 2007a ,b, Ropiquet et al. 2008 . The results of nuclear DNA analysis suggested that the Burma banteng from Cambodia is highly similar to the Javan banteng. However, mitochondrial DNA analysis showed that the Burma banteng from Cambodia are an unusual population that diverged molecularly from the Javan banteng because the Burma banteng in Cambodia evidently crossbred with the kouprey. This suggested the need to study other populations of Burma banteng from Thailand, Myanmar, and also on the other unstudied subspecies, the Bornean banteng.
This study demonstrated the genetic relationships among the subspecies of banteng and related species and the presence/absence of introgression between the Bornean banteng and domestic cattle in Sabah. Results of partial sequences of cytochrome b and the D-loop showed that the Bornean banteng did not consist of a sister group with the Burma and Javan banteng and was closer to gaur/ gayal. Why are the sequences of the Bornean banteng similar to that of the gaur/gayal? Two hypotheses could be considered. One is that the Bornean banteng belongs to the gaur Bos gaurus. The other is that the mitochondrial DNA data are misleading for the phylogeny. Regarding the former, indeed, the body color of the mature male Bornean banteng is similar to that of gaur, but the body color of the mature female and other morphology such as body size, horn shape are very different. So this hypothesis could be rejected. Regarding the latter, there are two possibilities: 1) lineage sorting would imply an early divergence of Bornean banteng/gaur and other banteng mitochondrial sequences, or 2) the ancestors of the Bornean banteng might have acquired the mitochondrial genome of the gaur by introgression. At least two cases of mitochondrial DNA replacements have been inferred for the ancestors of the European bison (Verkaar et al. 2004 ) and the Cambodian banteng (Hassanin and Ropiquet 2007a,b) in the tribe Bovini (Hassanin et al. 2012) . Verkaar et al. (2004) proposed the term of speciation "transparty", which would not be common but rather would be a phenomenon unique for species with a herd organization, female phiopatry, and few dominating males. The fact that the mitochondrial genome is maternally inherited limits its application to the evolutionary study of maternal lineage. For understanding of the phylogeny, more information that involves not only longer sequences of the mitochondrial DNA but also nuclear DNA such as the sex-determining region Y (SRY) and autosomes of Bornean banteng are needed.
Before this study, the Bornean banteng was thought to be threatened by the introgressive hybridization with domestic cattle (Timmins et al. 2008) . We also anticipated the presence of the interbred populations especially in the Kulamba area where the forest was logged in the past, and the banteng population is very close to the village with domestic cattle grazing openly without a proper paddock system (approx. 4 km distance). However, this study shows that genetic distances between the Bornean banteng in Sabah and domestic cattle, Bos taurus and Bos indicus, are large. It is demonstrated that wild Bornean banteng from all sampling sites, Kulamba, Deramakot, Malua, and Maliau are still of a pure strain and have a high conservation value. Also, Sabah was isolated from the major introduction of hybrid and pure strain banteng into many Indonesian islands in the past. Consequently, the taxonomic status of wild banteng across the border of Malaysian Borneo might be the only populations that need to be clarified.
Thirty years ago, the population size of the Bornean banteng in Sabah was estimated to be between 300 and 550 (Davies and Payne 1982) . Nowadays, the population size is unknown, but it is certain that their habitat has decreased dramatically during these 30 years. The Bornean banteng in Sabah has been listed as a totally protected species since 2002 by the Sabah Wildlife Department. The present conservation program of the Bornean banteng in Sabah involves regulations that protect the population from poaching only. Conservation action plans such as habitat management, captive breeding programs, exclusion of domestic cattle, and the need for more genetic sampling on this subspecies are clearly imperative.
